Objective-To study exposure to cobalt and chromium in saw maintenance rooms and test respiratory health among saw filers at lumber mills. Hard-metal lung disease is associated with cobalt in the manufacture of tungsten carbide tools; recently it has also been reported among tool maintenance workers. Lumber mills often use saws tipped with tungsten carbide or with a newer alloy, stellite (containing more cobalt, as well as chromium). Methods-A cross sectional study of 118 saw filers at eight lumber mills was carried out that included a standardized questionnaire, spirometry, personal air sampling, and examination of tasks every 10 minutes (by observation). Comparison data were from a study of bus mechanics tested with similar methods. Results and Conclusion-Cobalt exposure was associated with tungsten carbide grinding but not with stellite grinding. Chromium exposure was associated mainly with stellite welding. Saw filers had a twofold increase in phlegm and wheeze (P < 0.01) and a threefold increase in cough, phlegm, and wheeze related to work (P < 0.001), but no increase in breathlessness. Stellite welding was associated with a significant increase in nasal symptoms and cough related to work and a small decrease in airflow (forced expiratory volume in one second/forced vital capacity (FEV1/ FVC%), P < 0.05). Saw filers wet grinding with tungsten carbide had significant reductions in forced expiratory lung volumes (FEV1 and FVC, P < 0.05) and were significantly more likely to have FEV1 and FVC values in the abnormal range. Cobalt exposure (in wet grinding) and duration of work that involved tungsten carbide grinding were both associated with significant reductions in FEV1 and FVC. Average cobalt exposures in this study were about 5 pglm3, well below the currently accepted permissible concentration, which suggests that the current workplace limit for cobalt may be too high. (Occup Environ Med 1995;52:185-191) 
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(Occup Environ Med 1995;52: [185] [186] [187] [188] [189] [190] [191] Keywords: hard-metal lung disease; cobalt; tungsten carbide Hard-metal lung disease occurs in workers exposed to cobalt in association with tungsten carbide (hard-metal)1 2 and in other metal working processes that involve exposure to cobalt, such as diamond polishing.3 The disease is an interstitial pneumonitis characterised by radiographic infiltrates, reduced diffusing capacity and lung volume,4 and a histology of fibrosing alveolitis with unusual multinucleated giant cells.' Prevalence of about 1% is generally reported although some studies suggest higher rates.46 Fatal cases have been reported,7 and the predictors of fatality are not clear. Also, cobalt is known to cause occupational asthma' 8 and asthma like symptoms. 2 Most studies of hard-metal lung disease in association with tungsten carbide have been limited to the tool manufacturing industry. We are aware of only one recent report of four cases of hard-metal lung disease among workers who use or maintain these tools. ' We report here results from a study of saw filers, who maintain saws in lumber mills.
Saw blades in lumber mills are generally made of hardened steel, but the cutting tips are often composed of specialty compounds welded or soldered to the saw body. In the past two decades, soldered tungsten carbide tips have become widely used. Tungsten carbide is a sintered metal composite with cobalt (from 3-30%) as the binder for the tungsten carbide and other trace metals.'0 More recently, saw tips have been welded with a superalloy, stellite (Deloro Stellite, Belleville, Ontario). In this alloy, cobalt (50-60%), chromium (30-35%), and other trace metals are heated above their melting points to create prealloyed powder, which is mixed with an organic binder before final sintering.10 Some saw filers also sharpen chipper knives that are predominantly iron (85-90%), but also contain some chromium (8-9% As this was a pilot study, no external comparison population was included in the protocol. For some analyses comparisons were made with results obtained from bus mechanics studied by us in December 1990 with the identical respiratory symptom questionnaire and pulmonary function testing procedures and equipment. The technicians and interviewers for both studies were all trained by the same study coordinator. This group was studied due to their concern about past use of asbestos products. Results indicated that there was little or no impairment of health among the bus mechanics. Therefore, comparison of results from the saw filers with those from the bus mechanics is warranted for some analyses.
EXPOSURE MONITORING AND EVALUATION OF DETERMINANTS OF EXPOSURE
Details of the exposure assessment and evaluation of determinants of exposure are presented elsewhere. 12 A brief summary is provided here. Each mill was visited four times at least one month apart from June to December 1991. On each test day all saw filers on the day shift were asked to wear a personal air sampler for a minimum of six hours, from which metal concentrations were quantified by inductively coupled argon plasma atomic emission spectrophotometry. A total of 278 air samples were obtained from 112 workers. Every worker in the saw filing room was involved in the exposure monitoring, regardless of his job tasks or suspected exposure potential. Coincident with air sampling, every 10 minutes, an industrial hygiene technician recorded each worker's specific activity, the name of the nearest operating machine, the distance between the breathing zone and the generation point of the contaminant, and whether or not the worker was smoking. As well as monitoring airborne exposure, 73 bulk samples of used coolant were obtained from lubricated grinding machines and analysed for metals.
More than half of the monitored values for cobalt and chromium in air were below the detection limit-that is, severe left censoring-and the remaining data did not meet tests of normality, even with log transformation.'2 This presented a challenge for statistical analysis of the determinants of exposure. Details and rationale for the technique of analysis of the exposure data are presented elsewhere. 12 Briefly, linear regression analyses were conducted with the cobalt or chromium concentration (original scale) as the dependent variable (with a value of half the detection limit entered for concentrations below the detection limit). Seven activity and 10 location variables were considered as the potential predictors. Both dichotomous (ever during the day v never) and continuous (number of times observed during the day) versions of these variables were considered; however, the dichotomous versions were preferred in almost all cases. Modelling was done with generalised estimating equations and robust estimation of variance (thus taking into account both non-conformance with the equal variance assumption of ordinary least squares regression and the presence of repeated measures from the same worker). This approach has the advantage that each regression coefficient for a dichotomous variable represents the mean exposure for that activity or location.
EVALUATION OF RESPIRATORY HEALTH
An expanded version of the American Thoracic Society standard respiratory questionnaire"3 was given by a trained interviewer.
An occupational history, including a record of the duration and frequency for each of nine job tasks (including type of metal used and the use of machining fluids), was also obtained by the interviewer. Routine spirometry was carried out at the worksite by a trained technician with a 10 litre dry rolling seal spirometer (S and M Instruments, Doylestown, PA, USA), according to standard American Thoracic Society procedures.'4 Subjects were seated, wearing nose clips, and were required to perform at least three acceptable forced expiratory manoeuvres. The test was ended when a minimum plateau in expired volume of two seconds was reached. The highest value for forced expiratory volume in one second (FEV,) forced vital capacity (FVC), and the midmaximal flow rate (MMF) from the blow with the largest sum of FEV, and FVC were used for analysis. All volumes were corrected to body temperature, pressure, and saturation. Prediction equations used were those of Crapo and associates.'5 Spirometry was performed just before starting work and at the end of the shift on each of the days that the workers wore the personal air samplers. Thus, each worker could have a minimum of one and a maximum of four days of measurements. Subjects were asked to refrain from smoking for at least one hour before each test.
For analyses of spirometric outcomes in which comparisons were made with the external control population, the average of the values before and after shift on the first day of testing of the saw filers was used. This was necessary to provide unbiased results that would be directly comparable to those from the control population, as the spirometric test in the control group was performed only once (randomly during the day, not before and after the shift).
DATA HANDLING AND ANALYSIS
Analyses were performed with SAS-PC statistical software (SAS Institute, Cary, NC, USA). Respiratory symptoms were defined as a positive answer to the questions: cough, "Do you usually have a cough?"; phlegm, "Do you usually bring up phlegm from your chest?"; wheeze, "Does your chest ever sound wheezy or whistling occasionally apart from when you have a cold?"; breathlessness, "Are you troubled by shortness of breath when you hurry on the level or walk up a slight hill?"; nasal symptoms, "Do you usually have an itchy, runny nose when you don't have a cold?". A work related symptom was defined as a symptom that was not present before starting work in the trade, and that improved when away from work on weekends or long holidays.
To evaluate the relation between tasks performed and respiratory health outcomes, each worker's job history was analysed to determine whether or not the worker's current (or past) work involved tungsten carbide grinding, tungsten carbide soldering, stellite grinding, stellite welding, and various other tasks. Time spent at these tasks, as well as details about the frequency of use of coolants was used to define six categories of potential exposure. Tungsten carbide wet grinding was defined as work in a job that involved grinding of tungsten carbide saw tips at least 10% of the time, for which at least 50% of the grinding was performed with a coolant. Tungsten carbide dry grinding was similarly defined, but required at least 50% of the grinding to be performed without a coolant. Stellite wet and dry grinding were defined similarly. Tungsten carbide soldering (or stellite welding) was defined as a job that involved soldering of tungsten carbide saw tips (or welding of stellite tips) at least 10% of the time. The number of years associated with work that involved such tasks was also calculated by summing all the years in which a worker's job satisfied one or more of these definitions.
Results

DEMOGRAPHICS
A total of 131 filing room personnel were eligible to participate; 118 took part (90%).
Reasons for lack of participation were sickness (n = 3), refusal (n = 3), and not being available during the test days (n = 7). The mean (range) age was 46-7 (31 to 62) years. The duration of employment averaged 21-3 years in the lumber mill and 15-5 years in the saw filing trade. Only 19% were current cigarette smokers; 59% were former smokers. The external comparison group was slightly younger (mean 44 1 years), and had about the same proportion of current smokers (21%) but slightly fewer former smokers (42%, P < 0 0 1). There were no differences between these groups with respect to height, race, history of asthma, heart disease, or atopy. 
: -0-4 jug/m', P < 0'05). Together, these factors accounted for 24% of the variance in the cobalt air concentrations.
Chromium was detected in 105 of the air samples with a mean (SD, maximum) of 4 (9, 55) jug/m'. The permissible concentration for chromium exposure is 50 ,ug/m3 for hexavalent chromium and 500 jug/M3 for other forms of the metal. (The analytical method used in this study did not distinguish the type of chromium present.) Work factors significantly associated with chromium exposure were: working within five feet of a stellite welding operation (coefficient 2-4 pg/M3, P < 0-001), working within five feet of a saw steel heating operation (coefficient 1 4 pug/M3, P < 0.001), and work as a knife grinder (coefficient pug/M3, P < 0-001). These factors accounted for 24% of the variance in this regression model.
The within subject variability in cobalt and chromium concentrations was evaluated in the 52 subjects with three or more measurements. The mean (range) coefficient of variation for cobalt was 102-5 (8-4 to 200-0) and for chromium, 63-3 (0 to 199 9). No job title or mill showed a within subject variation significantly different from these mean values.
Cobalt concentrations in used coolant samples averaged 664 mg/l (n = 29 samples) from tungsten carbide grinding machines, 76 mg/l (n = 23 samples) from stellite grinding machines, and 0-25 mg/l (n = 18 samples) from chipper knife grinding machines. Concentrations of chromium in these samples were 0-25 mg/l, 14-8 mg/l, and 1-86 mg/l respectively. of phlegm production (22% v 11 %) and although saw filers had a lower average wheeze (23% v 10%, both P < 0.01), and FEV1/FVC% (75-6 v 77 0, P < 0 05) and about three times the rate of cough, phlegm, MMF (3-25 v 3*47 U/s, P = 0 06), after conand wheeze related to work (14,14,9% v trolling for age, height, race, smoking, and 3,4,4% respectively, P < 0 05). No significant amount smoked (pack-years). difference was found between the groups for Table 2 shows results from linear regresbreathlessness or nasal symptoms.
sion analyses for pulmonary function outLogistic regression analyses were per-comes in which age, height, race, smoking, pack-years, history of childhood asthma, and the jobs ( Table 4 Linear regression models of exposure response relations (lumber mill population only) FEV, (7) FVC (7) (coefficient ( tCobalt exposure as estimated from regression analyses of determinants of exposure applied to each worker's job history.
MMF < 60% predicted). Wet grinding of tungsten carbide in the current job was associated with a sixfold increase in OR for FEV, < 80% predicted. Stellite welding was associated with a twofold increased OR for both abnormal FEVI and MMF (although this was not significant at the P < 0 05 level). No other job task was significantly associated with these outcomes. It was not possible to carry out this type of analysis for abnormal FVC because the number of subjects with FVC < 80% predicted (n = 4, all long term ex-smokers) was too small to allow for stable statistical modelling. The unadjusted OR for abnormal FVC associated with wet tungsten carbide grinding in the current job was 5.3 (95% CI 07 to 40-0) and for each decade of wet tungsten carbide grinding 5'0 (95% CI 1-1 to 23-9). Several additional work factors were considered in these models but were not found to be associated with any of the health outcomes. These included working in a cedar mill (or duration of time in a cedar mill); average number of times each worker changed saws in the mill itself (representing potential for wood dust exposure); and duration of employment in the saw filing trade, with the current employer, and in saw milling.
As personal exposure monitoring in this study was limited to data collected on a maximum of four working days, and the within subject variation was extremely high, the measured personal exposure values collected on the study days were unlikely to provide reasonable quantitative estimates of each worker's average exposure over an extended period of time. Therefore, to perform limited quantitative exposure-response modelling, estimated cobalt (and chromium) exposures were assigned to each saw filer with the predicted cobalt (and chromium) exposure values from the analysis of determinants of exposure, according to their current job tasks. Only the analysis with respect to cobalt exposure was significant.
For this analysis, saw filers who did not perform tungsten carbide grinding were assigned the predicted background exposure (077 ug/m3), head filers and knife grinders were assigned the predicted (lower than average background) exposure of 0-33 ,ug/m', and saw filers who performed tungsten carbide grinding in their current job were assigned the cobalt exposure associated with that task (5) (6) 4ug/m3 for wet grinding, 5-4 pug/m3 for dry grinding). Regression analyses were performed for pulmonary function outcomes, which included as predictors this estimated level of cobalt exposure, the difference between the estimated level of exposure and the average level of exposure for each participant, and the duration of employment in jobs that involved tungsten carbide grinding. Table 4 shows the results for FEVy and FVC.
(No significant relations were found between exposure and MMF or FEV,/FVC%.) Both level of cobalt exposure and duration of tungsten carbide grinding were significantly associated with reductions in FEVI and FVC when these variables were included separately in the models (models 1 and 2). When both variables were analysed together (model 3), coefficients for each decreased; FEV1 was slightly more likely to be associated with level of exposure, whereas FVC was slightly more likely to be associated with duration of exposure.
When the difference between the estimated exposure and the actual average measured exposure was included in these models, the only change found was that the coefficients for estimated exposure became slightly more negative and had a slightly higher level of significance in every case. exposures and combination of outcomes are discussed separately. It is noteworthy that despite a high cobalt concentration in stellite, this was not associated with increased airborne cobalt concentrations or in increased cobalt in the coolant fluid from machines on which stellite tips were ground. Furthermore, stellite grinding was not associated with decreases in lung volumes or with increases in respiratory symptoms.
Stellite welding was associated with increased nasal symptoms and slight decreases in the FEV,/FVC ratio. These effects may be the result of chromium exposure as both nasal symptoms and reductions in airflow have been associated with airborne chromium exposure in other studies.'6 These effects were not found, however, in association with chipper knife grinding, the task with the highest measured cobalt exposure. One explanation is that the form of cobalt may differ between these tasks. Exposure to hexavalent chromium has been found in association with stainless steel welding'7; thus it is possible that stellite welding could also produce this form of chromium (whereas the chipper knife grinding may not generate sufficient heat to oxidise the chromium).
Tungsten carbide grinding in these mills was associated with increased airborne cobalt concentrations and with very high concentrations of cobalt in the coolant from tungsten carbide wet grinding machines. Workers who performed this task, particularly those who used coolant most of the time, had significant reductions in both FEVy and FVC compared with other saw filing tradesmen.
Airborne cobalt exposures were similar for dry and wet grinding, but significant FEV1 and FVC reductions were found only in association with predominantly wet grinding. One might conclude that the coolant itself is the aetiological agent. Although machining coolants have been implicated in pulmonary function decrements in other studies,'8 this is an unlikely explanation here as wet grinding of the other metals-for example, stellite and mild steel-with the same coolants, did not result in reductions in lung function. The grinding fluid may, however, have contributed to a change in the form or toxicity of the cobalt. Cobalt from dry grinding may remain in elemental form, whereas cobalt from wet grinding may be present as (potentially more toxic) cobalt ion in solution; cobalt may have an enhanced toxic potential when present in coolant due to an adjuvant effect of the coolant; or additional exposure from ingestion or skin absorption may occur more often in association with wet grinding. Our study cannot distinguish between these possible mechanisms for the difference in physiological effect of wet v dry grinding.
Two previous studies have shown wet grinding of tungsten carbide in tool manufacturing to be associated with an increased rate of hard-metal disease and with reductions in diffusing capacity,2 19 despite the fact that wet grinders were not the group most highly exposed.
Hard-metal disease is generally characterised by both reduced FVC and breathlessness. Although a strong exposure-response relation was seen in this study, the values for lung function were generally in the clinically normal range; thus it is not surprising that there was no obvious increase in breathlessness. It is not possible to determine, from this study, whether or not there will be further deterioration in these workers to the stage of symptomatic hard-metal lung disease, or whether the results from these volunteer mills are representative of the industry as a whole.
Although at the time this study started, we were not aware of any cases of hard-metal lung disease among saw filers in lumber mills in British Columbia, after conclusion of this study, we learned of a recent fatal case of hard-metal lung disease in a 50 year old saw filer from a different British Columbian lumber mill (A Churg, personal communication). This confirms the potential for serious pathology among workers in this trade.
In this study, the average cobalt exposure associated with significant reductions in lung volume was well below the allowable concentrations of most jurisdictions and even well below the newly recommended 1994 permissible concentration of the American Conference of Govemmental and Industrial Hygienists. Similar results of significant reductions in FEV1 and FVC associated with low cobalt exposure have been reported by Nemery and colleagues in a study of diamond polishers.20 The average airborne cobalt exposure in the high exposure workshops in that study was 10-2 ,ug/m3. Also similar to our results was their finding of increased symptoms of cough and upper airway irritation but no significant increase in breathlessness.
Our results suggest that a permissible concentration for cobalt exposure (at least for cobalt in association with tungsten carbide grinding) should be set at a value considerably lower than the currently recommended 20 ,ug/m3. Based on our findings alone, this conclusion is most relevant for cobalt associated with coolants and is dependent on the assumption that the average cobalt concentration measured in the eight study mills is a reasonable reflection of the exposures that would have been found in these mills over the past several years. As the induction period for hard-metal lung disease can vary from as little as one up to 30 years from first exposure,'4 both recent and past exposures may contribute to the disease process. In the absence of information to evaluate recent and distant past exposures, it would be prudent to assume that the exposures measured in this study are not significantly different from past exposures in these mills. This, together with the previously published evidence of similar exposure-response relations in a different industry,20 argue in favour of establishing a permissible concentration for cobalt close to the average values found in these mills-for example, a time weighted average of 5 pg/mr. The exposure measurements made in this study show that cobalt from tungsten carbide grinding can be successfully controlled to this air concentration.
